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DOI: 10.1039/c0ee00713gIn the past decades, research efforts on polyanion-type cathode materials by the scientific community
intensified significantly. This paper reviews the latest advances in the exploration and development of
polyanion-type compounds as high performance cathode materials for Li-ion batteries. It focuses on
the synthesis, structure and physicochemical (especially electrochemical) properties of several classes of
polyanion compounds. The relationship between composition–structure–performance of the novel
electrode materials is also summarized and analyzed. The main approaches, achievements and
challenges in this field are briefly commented and discussed.1. Introduction
The Li-ion battery is a type of rechargeable batteries with the
highest energy density developed so far. The energy density of the
developed Li-ion batteries can be as high as 250 Wh kg1 and its
life cycle can last for more than 10 000 cycles depending on the
working conditions such as depth of charge/discharge (DOD), etc.
However, the development ofLi-ion batteries is quite diverse since
there are several chemistry systems in which mainly different
cathode materials are used. In fact, cathode materials play an
important role in the determination of energy density, safety and
life cycle of Li-ion batteries.1,2 Therefore, research and develop-
ment of cathode materials is one of the popular topics at main
international meeting on Li-ion batteries. Up to now, three types
of cathode materials have been investigated intensively, i.e.
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Broader context
Due to the economic vulnerability of fossil fuels, and increasing en
alternative renewable and clean energy sources is intensively purs
demand for high performance energy storage systems with increa
considered as one of the most promising energy storage technolog
electric vehicle applications to the reduction of CO2 emissions arisi
exploring and developing new materials for high performance LIBs
on the synthesis, structure and electrochemical performance of the
high energy density, high power capability, and excellent cycling
polyanion materials with reversible exchange of more than one Li p
this paper.
This journal is ª The Royal Society of Chemistry 2011polyanion-type cathode materials. Layered transition metal
oxides cathodematerials have several advantages: fully developed
synthetic routes, high capacity and ability for facile processing.
However, they all have an unavoidable shortcoming, i.e. oxygen
evolution at high charging potential. It could cause serious safety
issues for practical application. Thus layered lithiated transition
metal oxides such as LiCoO2 or LiNi1-x-yCoxMnyO2 (0# x, y# 1)
are only widely used as electrodematerials in small-scale batteries
for portable electronic equipments. Mn-based spinels such as
LiMn2O4 have also several advantages such as low cost, envi-
ronmental benignness and good thermal stability, thus it is a good
candidate for cathode materials for power tools applications.
Another type of cathode material are polyanion compounds such
as LiFePO4, which was firstly reported by J. Goodenough
3 and
has been widely investigated in the last decade. The specific
characteristics of LiFePO4 such as cycle stability, safety, envi-
ronmental friendliness and potential low cost make this material
the most competent electrode material in future Li-ion batteries
for plug-in hybrid electric vehicles applications. The review of the
recent status of polyanion compound cathode materials isvironmental and global warming concerns, the development of
ued worldwide. These new developments have raised a strong
sed safety and lower costs. Li-ion batteries (LIBs) have been
ies to meet these requirements, for hybrid, plug-in hybrid, and
ng from transportation. Extensive studies have been devoted to
. This paper give a comprehensive review of the recent research
main polyanion compounds as cathode materials for LIBs with
and thermal stability. Also, recent research efforts to explore
er formula unit for the next generation LIBs are highlighted in






























































View Onlineimperative for the future research in this field. This paper mainly
reviews the newest advances in the research and exploration of
new polyanion compounds as cathode materials for Li-ion
batteries. Structure, electrochemical performance and synthetic
methods of the new electrode materials have been summarized
and analyzed. The problems and challenges in this exciting field
have also been cited and discussed.
2. Development of polyanion cathode materials
Polyanion compounds are a class of materials in which tetrahe-
dral polyanion structure units (XO4)
n and their derivatives
(XmO3m+1)
n (X ¼ P, S, As, Mo, or W) with strong covalent
bonding combine with MOx (M ¼ transition metal) polyhedra.
Polyanion cathode materials possess higher thermal stability
than conventional used layered transition-metal oxides due to
the strong covalently bonded oxygen atoms, which make them
more suitable for large-scale Li-ion battery applications, by
virtue of their better safety properties. As a new class of cathode
materials for lithium ion batteries, polyanion compounds have
attracted great interest since the first report on the electro-
chemical performance of LiFePO4 by Padhi et al.
3 Table 1
summarizes some properties of polyanion compounds which
have been investigated up to now.4–42 The crystal structures of
these typical polyanion-type cathode materials are also
compared in Fig. 1.
2.1 Synthesis
To improve the electrochemical performance and decrease the
cost of polyanion-type cathode materials, various synthetic
routes such as solid-state reaction,3,43,44 sol–gel processing,45,46
solution precipitation,47,48 hydrothermal processing,49–51 sol-
vothermal process,52–54 polyol process and ionothermal55,56
routes have been proposed and optimized. The exploration
and optimization of these synthetic routes were mainly
focused on the development of homogeneous polycrystalline
nanoparticles with controlled particle size and/or high qualityZhengliang Gong
Zhengliang Gong received his
Ph.D. in Physical Chemistry
from Xiamen University in 2007.
He then worked as a postdoc
research fellow at the Depart-
ment of Chemical and Biomo-
lecular Engineering, the
National University of Singa-
pore before joining the faculty of
Xiamen University. His research
is focuses on materials for
energy storage and conversion
and the electrochemical
processes in these systems. His
current research is fully devoted
to the development of new
materials for improving the energy and power density of lithium ion
batteries.
3224 | Energy Environ. Sci., 2011, 4, 3223–3242(uniform and thin) carbon coating. For iron compounds, inert
gas or slightly reducing condition are required to suppress the
formation of impurity Fe3+ phases, and moderate low sinter-
ing temperature is preferred to prevent undesirable particle
growth. Carbon or some carbon-containing compounds are
normally added to the precursors or the intermediate
mixtures, and act as a carbon source facilitating the forma-
tion of the LiFePO4/C composite, also protecting the Fe
2+
from oxidation and inhibiting the particles growth and
aggregation.
2.1.1 Solid state reaction. Solid state reaction is a traditional
and widely used method for synthesis of ceramics, which includes
intimate grinding and sintering of the stoichiometric mixture of
starting materials. It is an economic, efficient, and easy scale up
method to synthesize lithium polyanion compounds for Li-ion
batteries. In general, the raw materials were firstly mixed and
thoroughly ground and/or milled, then subjected to heat treat-
ment at a temperature of 300–400 C to expel the gases. After
that, the mixture was reground and/or pelletized, then sintered at
temperatures ranging from 600 to 800 C for 10–24 h.3,12,41
Through optimization of solid-state reaction conditions,
Yamada et al. firstly achieved high utilization of >95% of the
170 mAh/g theoretical capacity of LiFePO4 at room tempera-
ture.43 The disadvantage of solid state reactions includes inho-
mogeneous composition, irregular morphology, uncontrollable
particle growth and agglomeration and long heating times, fol-
lowed by several grinding and annealing processes.57,58 The
undesirable particle growth and agglomeration can be prevented
by adding growth inhibitors such as carbon, and nanoparticles
can be obtained.59–61
2.1.2 Sol–gel process. The sol–gel process is a wet-chemical
technique widely used in the fields of materials science and ceramic
engineering. Compared to the traditional ceramic power process, it
canensurehigherpurity andhomogeneity andsmall particle size due
to bettermixing of the reactants. In this process, the precursors wereYong Yang
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Phosphates LiFePO4 Olivine structure,
orthorhombic (space group
Pmnb)
3.5 170/> 160 Excellent Excellent cycling stability 3,4
LiMnPO4 4.1 171/160 Good Instability of delithiated




LiCoPO4 4.8 167/120 Poor high electrode potential,
practical application will




LiNiPO4 5.1 169/(no data) \ 10,11
Silicates Li2FeSiO4 Li3PO4 structure,
tetrahedral (as much as 8
polymorphs)
2.8/4.8a 332/200 Excellent Possible for two electron
reaction (Fe2+/Fe3+/Fe4+















Li(Na)VPO4F Triclinic (space group P1) 4.2 156/155 Excellent Higher electrode potential,
good cycling stability
22–25
Na3V2(PO4)2F3 Tetragonal (space group
P42/mnm)
4.1 192/120 \ Irreversibility of extraction
of the third Na+
26,27
Li5V(PO4)2F2 layered monoclinic (space
group P21/c)
4.1 170 (V3+/V4+/V5+) redox
couples)/70
\ Poor reversibility of V4+/V5+
redox couple
28,29
Li(Na)2FePO4F Layered or stacked or 3D
structure was adopted
depends on the alkali ion
and transition metal ion
3.5 292/135 Good two-dimensional ion






\ \ \ Electrochemical inactive 33,34
Li(Na)2CoPO4F 5.0 287\120 Good Both large theoretical
capacity and high electrode
potential, practical
application will rely on the
development of electrolytes
with higher stability window
35,36
Li(Na)2NiPO4F 5.3 287\(not determined) \ 37
Fluorosulp-
hates






Triclinic (space group P1) \ \ \ Electrochemical inactive 39
LiMnSO4F Monoclinic (space group
P21/c)
\ \ \ Electrochemical inactive 39
Borates LiFeBO3 Monoclinic (space group
C2/c)
3.0 220\200 \ Solid-solution intercalation
mechanism
41,42
LiCoBO3 Monoclinic (space group
C2/c)
\ 215\(no data available) \ Almost negligible
electrochemical activity
42
LiMnBO3 Hexagonal (space group P6) \ 222\110 \ A plateau around 4.3 V with
limited capacity, most of the
capacity lie in the voltage of
1.25–4.3 V
42






























































View Onlinefirstly dissolved in solvents, and then the sol (or solution) evolved
gradually towards the formation of a gel-like network containing
both a liquid phase and a solid phase. Then the gel was dried and
sinteredat temperatures from500 to700 C.For thepurposesof sol–
gel synthesis of polyanion cathodematerials, various precursors and
solventswere used. In the case of LiFePO4, the precursors combined
lithium, iron and phosphorus sources, such as lithium phosphate
and iron(III) citrate with phosphoric acid,62,63 lithium acetate and
ferrous acetate,45,64 lithium carbonate and ferrous oxalate,65 lithium
nitrate and ferrous oxalate46 were used. When organic solvent/This journal is ª The Royal Society of Chemistry 2011chelating agents or some carbon-based compounds (such as
acetates, citrates, oxalates, etc.) are used, a uniform carbon coating
layer is produced in situ.64 Based on the consideration of preparing
polyanionmaterials with controlled particle size and/or high quality
(uniform and thin) carbon coating to improve their electrical
conductivity and minimal Li-ion diffusion path length, the sol–gel
method is regarded as one of the best techniques.
2.2.3 Hydrothermal/solvothermal process. The hydrothermal/
solvothermal process allows to synthesize polyanion compoundsEnergy Environ. Sci., 2011, 4, 3223–3242 | 3225
Fig. 1 Polyhedral representation of the crystal structure of some typical polyanion-type cathode materials. (a) and (b) Olivine LiFePO4 viewed along
the b- and c-axis, respectively. Yellow tetrahedral, PO4; blue octahedral, FeO6. (c) Li2FeSiO4 (space groupPmn21) viewed along the c-axis; (d) Li2FeSiO4
(space group Pmnb) viewed along the c-axis. Grey tetrahedral, LiO4; blue tetrahedra, FeO4; yellow tetrahedra, SiO4. (e) and (f) LiFeSO4F viewed along
the a- and c-axis, respectively. Yellow tetrahedral, SO4; blue octahedral, FeO4F2. Li distribution between two half-occupied positions is disordered. (g)
LiFeBO3 viewed along the b-axis; (h) LiFeBO3 viewed along the b-axis with FeO5 bipyramid not indicated, possible Li diffusion pathways parallel to the
c-axis are showed. The paired face-sharing LiO4 tetrahedra are shown in grey (lithium statistically occupies two tetrahedral sites, statistically alternate
positions of Li are not indicated for simplicity), trigonal FeO5 bipyramids are shown in blue (iron statistically occupies two trigonal sites), BO3 triangles






























































View Onlineat relatively low temperature with well controlled morphology
(e.g., spherical, cubic, fibrous, and plate-like) and fine crystal
particles (from a couple of nanometres to tens of microns). The
morphology and particle size of the products can be tuned in
a wide range, using thermodynamic variables, such as reaction
temperature, pH, and concentrations of the reactants, in addition
to kinetic parameters, such as speed of stirring. In this process,
the reactants are dissolved in water or another solvent and sealed
in an autoclave, and then hydrothermally/solvothermally pro-
cessed above the boiling point of the solvent at high pressure for
the desired length of time. The heating process can be performed
in a conventional oven or a microwave oven. Compared to the
conventional heating methods transferring heat convectively in
a reactor, the microwave technology uses electromagnetic waves
for heating which can transfer energy selectively to the micro-
wave absorbing materials.15,52,53 When a microwave oven was3226 | Energy Environ. Sci., 2011, 4, 3223–3242used, the total volume of the reactants could be heated
uniformly.
However, post-heat treatment is normally required for
LiFePO4 synthesized by a hydrothermal/solvothermal method to
eliminate the unfavorable effects of lithium/iron anti-site mixing
occurring at low temperatures (ca. 100120 C)50 or absorbed
solvents. Increase in the temperature of the hydrothermal/sol-
vothermal process can minimize the anti-site mixing and well
crystallized LiFePO4 nanoparticles can be obtained if a sustain-
able high-pressure reactors are used.66 Ascorbic acid, sucrose,
citric acid, etc. are all used as reducing agents to prevent the
oxidation of Fe2+ in aqueous environment during the hydro-
thermal process.67
2.1.4 Precipitation process. The precipitation process is also






























































View Onlinecompounds with high purity, homogeneity and good crystal-
linity. For LiFePO4, the co-precipitation technique consisted of
mixing Li+, Fe2+, PO4
3+ precursor in aqueous solution, and led to
precipitation via adjusting the temperature and pH value to
facilitate the formation of LiFePO4 rather than the formation of
Li3PO4 and Fe3(PO4)2. The obtained precipitate was then
washed with water, dried under vacuum and heat-treated at 400–
700 C.47,68,69 The precipitation process has the advantages of
a simple synthesis process and low energy consumption, which
can also allow the homogeneous mixing of precursors at the
atomic level. The temperature and the dwell time of calcination
can be significantly reduced as compared to conventional solid-
state methods, since the crystalline LiFePO4 phase is already
formed during the precipitation process. The precipitation
process is especially suitable for synthesizing doped polyanion
compounds, as the doping process of co-precipitation in aqueous
solution, which can easily blend all soluble components
uniformly even for low content of ion dopant.70
2.1.5 Polyol process. The polyol method is another promising
process for obtaining fine particles with a well-defined shape and
a narrow size-distribution via controlling the thermodynamic
and kinetic variables. In general, a mixture of reaction reagents
and a polyalcohol medium (such as tetraethylene glycol (TTEG),
diethylene glycol (DEG), ethylene glycol (EG), etc.) is heated in
an oil bath and refluxed for several hours. The reaction
temperature lies in the range of 200–400 C, based on the boiling
point of the polyol media (314 C for TTEG, 285 C for tri-
ethylene glycol,and 245 C for diethylene glycol), that interme-
diate between the solid state and the hydrothermal process. The
polyol process is similar to the solvothermal process except for
the reaction being carried out under atmospheric pressure. The
polyol medium itself acts not only as a solvent to dissolve the
precursors in the process but also as a stabilizer, limiting particle
growth and prohibiting agglomeration, thus nanoparticles are
normally obtained.71–74 Compared to hydrothermal synthesis,
more highly crystal samples are acquired directly from the
reaction medium without additional sintering being necessary,
because higher reaction temperature is used. Especially, the
polyol process provides a reducing environment, which is highly
favorable for synthesizing divalent iron containing polyanion
compounds.
2.1.6 Ionothermal process. Ionothermal synthesis, the use of
ionic liquids (ILs) as both solvent and template (structure-
directing agent), was introduced by Recham et al. to prepare
nanostructured polyanion cathode materials such as LiFePO4,
55
Na2MPO4 (M ¼ Fe, Mn, Fe1-xMnx)33 and LiFePO4F,31 etc.
Recently, using ionothermal synthesis, a novel metastable fluo-
rosulfate polyanion compound (LiFeSO4F) was successful
developed by Recham et al. as a promising cathode material.38
This demonstrates the potential of ionothermal synthesis in the
discovery of novel materials, especially for metastable
compounds. As a new and promising method, the ionothermal
synthesis has been recently reviewed in detail by Tarascon
et al.56,75 and so will only be briefly mentioned here. Ionothermal
synthesis is similar to the inorganic molten salt synthetic method,
while it uses room temperature molten salts (ILs) as a reaction
medium. Many ionic liquids are relatively polar solvents, and areThis journal is ª The Royal Society of Chemistry 2011feasible to dissolve the inorganic reactants. The high thermal
stability and very low vapor pressure properties of ILs directly
result in reactors such as autoclaves or reflux condensers being
unnecessary, and also make the synthesis process simple and
safe. The reaction temperature, typically 150–300 C, depends on
the temperature window of the ionic liquid used. Most ionic
liquids were found to be (somewhat) thermally stable up to and
above 300 C. The physico-chemical properties of ILs—such as
interaction with inorganic reactants, viscosity, melting point, and
acidity—could be adjusted by changing the organic anion and
cation. A proper choice of organic anion and cation is critical for
a successful synthesis with the ionothermal process. It was
reported that the particles morphology of the obtained products
can be tuned by choosing the proper ILs and introducing some
additives such as diol, although the detailed mechanism is not yet
fully understood. The high cost drawback of ILs can be over-
come in principle by recovery.2.2 Electronic structure
The performance of the Li-ion batteries is directly related to the
crystal structure/electronic structure of the electrode materials,
which govern the electronic/ionic transport properties, cell
potential and the number of exchanged electrons. Information
on the intrinsic electronic conductivity can be directly inferred
from the electronic structure of the electrode materials. The
coulomb correlation, the charge transfer energy, the hybridiza-
tion strength between the cation 3d and oxygen 2p states and the
crystal field splitting for the dnpm configuration of the transition
metal-oxygen tetrahedral, control the ground state electronic
structure, magnetic and transport properties of the cathode
materials for lithium-ion batteries. In polyanion-type cathode
materials, the valence electrons of transition metals tend to be
isolated from that of polyanion, thus the electronic structure of
these materials is governed mainly by isolated transition metal-
oxygen polyhedral groups.76 Although the inductive effect
generated by the polyanionic groups leads to a higher operating
voltage than that in oxides,3,8,77 the polyanionic groups simul-
taneously isolating the valence electrons of transition metals lead
to the observed low electronic conductivities.1,8,78 Understanding
the electronic structure of polyanion compounds plays a very
important role in the practical usage of the lithium ion battery.
Extensive studies have been devoted to both theoretical and
experimental studies of their electronic structure, in order to
understand well the related properties, such as electronic
conductivity, magnetic properties, the reaction mechanism of the
electrochemical process, lithiation/delithiation potential, the
effect of doping element on the electronic properties, etc.13,79–88
For the theoretical study of the electronic structure, the first
principles methods based on the density functional theory (DFT)
in the local spin-density approximation (LSDA) or the general-
ized gradient approximation (GGA) were widely applied.
Experimentally, optical/photoelectron spectroscopy and
magnetic susceptibility measurements are a powerful experi-
mental tool for investigating the electronic structure of materials
for lithium-ion batteries. Both electronic conductivity measure-
ments and optical spectroscopy studies show that most of these
polyanion-type cathode materials (such as LiMPO4, Li2MnSiO4






























































View Onlinegap normally high than 3 eV) insulators.38,81,89,90 However, using
only LDA/GGA methods is shown to cause large errors in pre-
dicting the electronic structure and generally predicting semi-
conductor/semimetal behavior, due to their inability to capture
precisely the coulomb correlation effects that are important for
the d-electrons of the transition-metal elements.91,92 Using the
DFT + U method, more accurate treatment of the Coulomb
correlations can be obtained. In this method, the Coulomb
correlation among electrons on a single M (or other transitional
metal) site is explicitly included in the total energy functional in
a way similar to the U-term in the Hubbard-like model.93 The
results of DFT + U calculations are in fairly good agreement
with experiments for the Li intercalation potential, lattice
parameters, and energy gap for these polyanion
compounds.81,85,87,88,91,922.3 Phosphates
The polyanion cathode materials most intensively investigated
are phosphates (LiMPO4, with M ¼ Fe, Mn, Co or Ni) with
ordered olivine structure. The literature on phosphates is very
extensive and is only briefly summarized here. For more details,
a number of review articles are available.94–99
The olivine-type structure of LiMPO4 (Fig. 1a and 1b) can be
described as a slightly distorted hexagonal close-packed (hcp)
oxygen array resulting in an orthorhombic structure (D2h
16-space
group Pmnb).3 Within the hcp oxygen framework, Li and M
metal atoms are located in half of the octahedral sites and P
atoms are located in 1/8 of the tetrahedral sites. The MO6 octa-
hedra share corner forming zigzag chains running parallel to the
c-axis in the alternate a–c planes. These chains are bridged by
corner- and edge-sharing PO4 tetrahedra to form a host structure
with strong three dimensional bonding. The LiO6 octahedra
share edge forming linear chains running parallel to the c-axis in
the other a–c planes, and Li+ ions form one dimensional tunnels
in the host structure along the [010] direction that run parallel to
the planes of corner-sharing FeO6 octahedra.
LiFePO4 is the most widely studied and fully developed
material among olivine phosphates, and is generally considered
to be one of the most promising battery materials used in Plug-in
Hybrid Electric Vehicle/Electric Vehicle (PHEV/EV). The
application of iron-based compounds as a cathode for lithium
batteries shows several advantages, including abundant cheap
raw materials, high thermal stability and relatively low toxicity.
However, the iron-based oxides containing O2 as the anion
suffer problems for the cathode designer, as in these oxides the
Fe4+/Fe3+ redox energy tends to lie too far below the Fermi
energy of a lithium anode while the Fe3+/Fe2+ couple is too close
to it. The strong covalent bonding within the (PO4)
3 polyanion
reduces the covalent bonding to the iron ion, which lowers the
Fe3+/Fe2+ couple redox energy to a suitable level of a flat voltage
of 3.4 V versus Li/Li+.3Besides its suitable high operating voltage,
LiFePO4 possesses appreciable theoretical capacity (ca.
170 mAh/g), corresponding to the theoretical energy density
580 Wh kg1 versus Li electrode, which above the practical value
of LiCoO2 (supposing that only 0.5 Li
+ can be cycled in Lix-
CoO2).
100 LiFePO4 also has high thermal stability in both lithi-
ated and delithiated states, which enables the batteries to stably
operate at higher temperatures and to be safe even under harmful3228 | Energy Environ. Sci., 2011, 4, 3223–3242conditions. The slight volume change (6.81%) of LiFePO4 upon
de/lithiation guarantees good structure stability, and thus
exhibits excellent cycling reversibility.3 Furthermore, LiFePO4
triphylite is a naturally occurring mineral abundant in nature and
iron is a non-toxic element, which makes it environmentally
friendly, and the plentiful raw materials reduce its final product
cost. Now, the intrinsic drawbacks of low conductivity can be
partly conquered by surface conducting coatings combined with
particle-size reduction and aliovalent doping. These factors make
it an amazing cathode material for high-power Li-ion battery
systems today. Therefore, a number of companies worldwide
start to invest in research and development LiFePO4 batteries,
and the production of LiFePO4 batteries has expanded dramat-
ically in recent years. Several prototypes of hybrid and plug-in
hybrid vehicles equipped with LiFePO4 batteries have already
been demonstrated by several automobile companies. As one of
the most promising cathode materials for high-power batteries,
LiFePO4 has attracted a great deal of scientists’ attention and
been studied extensively.
Despite the many advantages associated with LiFePO4, there
are some drawbacks with LiFePO4; the key drawbacks for the
commercial application are its low intrinsic electric conductivity
( 109 S cm1),78 low packing density and poor one dimension
lithium ion diffusion.101 In the past decade, many studies have
been conducted in an attempt to overcome this problem. These
have mainly been concentrated on optimizing the synthetic
strategy,43,49 surface conducting modification,60,102 particle size
reducing,103,104, cation doping on lithium and/or iron sites,78,105,106
and so forth.
Surface modification has been widely used to improve the
electronic conductivity of LiFePO4, since the initial work by
Ravet et al.,59 who reported an improved electrochemical
performance of LiFePO4 via a synthesis leading directly to
carbon-coated particles. Carbon is the most popular coating
material for polyanion electrode materials to improve their low
intrinsic electronic conductivity. Besides improving the con-
ducting of LiFeO4/C particles, the presence of carbon can also
act as a reducing agent to prevent the formation of Fe3+ impurity
phase, isolate the LiFeO4 particles to suppress the undesirable
particle growth and aggregation.107 However, the presence of
carbon also reduces the volumetric energy density of the elec-
trode, which may affect its practical application. Thus, the key
point of the carbon coating process is to form a thin coating layer
with high conductivity by an economic procedure. Various
carbon sources have been proposed to form the carbon coating
layer, e.g., sucrose,59 resorcinol-formaldehyde gel,60 carbon
black,108 white table sugar,109 naphthalenetetracarboxylic
dianhydride,110 hydroxyethylcellulose, 111 polypropylene,57 and
so forth. Studies on the effects of the structure of residual carbon
produced from different organic precursors showed that sp2-
coordinated carbon exhibits better electronic properties than
disordered or sp3-coordinated carbonaceous materials.112–114
Other non-carbonaceous coating layers, such as metallic con-
ducting layer115,116 and conductivity polymer films52,117,118 were
also found able to enhance the performance of LiFePO4.
Recently, an ultra-high rate performance of LiFeO4 was reported
by Kang and Ceder, creating a fast ion-conducting lithium
phosphate glass layer on LiFePO4 particle surface through






























































View Onlinecapability and the cause of the excellent performance of their
samples were extensively questioned by Zaghib et al. and further
discussed.120,121
Recently, graphene, a two-dimensional aromatic monolayer of
a carbon atom, is widely studied as electrode material for lithium
ion batteries, due to its excellent mechanical and electronic
properties, such as superior electrical conductivity, high specific
surface area (2630 m2 g1), high values of Young’s modules,
fracture strength, room temperature quantum Hall effect, and
mimic massless transportation properties.122–124 Such merits also
make graphene sheets promising matrices for metals and metal
oxides to improve their electrochemical performance.125–127
Highly reversible capacities and good cycle performances were
achieved when oxides/graphene, carbon nanotube/graphene, and
fullerene/graphene composites were used as anode materials for
lithium ion batteries. Its high surface area and outstanding
electrochemical properties also suggest that graphene holds
promise as a highly efficient conductive additive with much less
mass fraction for polyanion-type cathode materials to improve
their electronic conductivity.128–131 For example, the graphene
character (e.g. sp2/sp3 ratios) of the carbon coating layer was
found to affect significantly the conductivity of LiFePO4/C
composites.113,114,132 Higher graphene character results in higher
composite conductivities, and thus higher rate capabilities of the
composites. For example, Ding et al. used graphene nanosheets
as additives to improve the electronic conductivity of LiFePO4/
graphene composites.129 The as prepared LiFePO4/graphene
composites exhibit remarkably enhanced capacity delivery and
cyclability with only 1.5 wt% of graphene, with an initial
discharge capacity of 160 mAh/g at 0.2 C and the capacity value
remained 110 mAh/g even at the high rate of 10 C. Su et al.130
demonstrated that, compared to commercial carbon based
additives, graphene nanosheet additives can achieve better elec-
trochemical performance with much less mass fraction for the
LiFePO4 cathode, based on both laboratory-based experimental
coin cells and commercial battery packs.
The effect of cationic aliovalent doping on the conductivity of
LiFePO4 has been a highly debated topic in the studies of
LiFePO4 materials with an ample amount of points both
for78,82,133–136 and against106,137–142 the argument. More than 108
times increase in electronic conductivity was reported for
Li1–xMxFePO4 (M ¼ Mg, Al, Ti, Nb or W) with low-level
supervalent ions doped into the Li 4a site by Chung and co-
workers.78 The introduction of p-type and n-type conductivity at
the fully discharged and charged state was suggested responsible
for this dramatical conductivity increase. However, poor
conductivity for Zr- and Nb-doped LiFePO4 was showed in
a subsequent study.137 Other studies on doped (and undoped)
LiMPO4 (M ¼ Fe, Ni) show that a percolating nano-network of
metal-rich phosphides may be responsible for the enhanced
conductivity.138,139 Further investigation is needed to understand
the exact mechanism for aliovalent doping to improve the elec-
tronic conductivity after carefully deducting the effects of the
impurity phase on the electrochemical performance of doped
materials.
Initially, a strictly LiFePO4/FePO4 two-phase reaction mech-
anism was postulated for LiFePO4 according to its extremely flat
charge/discharge profile.3 It was generally believed, on the basis
of the Gibbs phase rule, that lithium extraction/insertionThis journal is ª The Royal Society of Chemistry 2011proceeds by varying the FePO4/LiFePO4 ratio in the whole range
of x in LixFePO4. Solid solution behavior was clarified in
subsequent studies,103,143,144 and the miscibility gap between the
two monophases LiaFePO4 and Li1bFePO4 (a and b close to
zero) was found to depend both on temperature,145 particles
size135,146–148 and doping.134 The existence of single phase
domains, LiaFePO4 and Li1bFePO4 phases, close in composi-
tion to the end-membranes LiFePO4 and FePO4, was also pre-
dicted by theoretical calculation and modeling.143 Solid solution
behavior was first observed in the Fe3+/Fe2+ redox reaction region
of LixMn0.6Fe0.4PO4 by Yamada et al.
103 Using a variation
temperature XRD measurement, the existence of complete solid
solution in LixFePO4 over the entire compositional domain (0 <
x < 1) was observed at temperatures above 520 K.145 The exis-
tence of narrow monophase (LiaFePO4 and Li1bFePO4) regions
close to the stoichiometric end members of LiFePO4 and FePO4
at room temperature was then observed by Yamada et al. using
neutron diffraction and electrochemical measurement
methods.144 The size dependence of the miscibility gap was
revealed by Meethong et al.135 Further, a single-phase reaction in
the whole region of LixFePO4 was reported in hydrothermal
synthesized samples with an average particle size of 40 nm by
Gibot et al.146 The biggest characteristics of their sample lies in
the very large amount of Li/Fe site mixing/disorder.
Generally, the value of the diffusion coefficient in LiFePO4
was considered to be relatively low (varies within 1010-1016 cm2
s1 depending on measurement techniques and the lithium
content in solid solution LiaFePO4 and Li1bFePO4 or the
LiFePO4/FePO4 phase ratio). In the earlier studies of LiFePO4,
reversible extraction/insertion of lithium was postulated to occur
in two dimensions according to its structure features.3 Further
studies using both theoretical and experimental methods, indi-
cated that lithium diffusion in the olivine crystal structure occurs
through one-dimension channels along the [010] direc-
tion.106,149–151 Using first-principles methods, Morgan et al.149
firstly suggested that Li mobility in LiMPO4 is high through 1D
channels along the b-axis with little possibility of crossing
between channels. Using empirical potential models, Islam
et al.106 got similar conclusions that the lowest energy pathway
for Li transport is in the [010] direction. Lithium ion migration
via a nonlinear, curved trajectory between adjacent Li sites is also
predicted. By performing maximum entropy method (MEM)
modeling to simulate neutron diffraction data of Li0.6FePO4 at
620 K, Nishimura et al.150 confirmed the one-dimensional curved
lithium diffusion path along the [010] direction in LixFePO4. The
probability density of lithium nuclei was found to strictly
distribute into continuous curved pathways, via tetrahedral
interstitial sites, along the [010] direction.
A simple shrinking core-shell model was initially postulated to
depict the Li extraction/insertion processes based on the two-
phase reaction mechanism of LiFePO4,
3 according to which,
a two-phase interface separates the LiFePO4 core region from the
FePO4 shell and the extraction/insertion reactions proceed by the
motion of the interface. Further studies revealed that the Li
extraction/insertion processes are more complicated,152,153 and
some new mechanisms such as ‘‘mosaic model’’154 and ‘‘domino-
cascade model’’,155 etc. were proposed to explain the experi-
mental observations. Recently, Delmas et al.155 observed the






























































View Onlineparticles, via characterization of the electrochemically delithiated
nanomaterials by X-ray diffraction and electron microscopy.
Accordingly, they proposed a ‘domino-cascade model’ to
describe the Li extraction/insertion mechanism, which suggests
the lithiation/delithiation of each particle would be so fast that
each particle should either be totally lithiated or totally deli-
thiated. In this scheme, when lithiated/delithiated to LixFePO4
the powder would be made of a fraction x of LiFePO4 particles
and a fraction (1  x) of FePO4 particles.
The olivine LiMnPO4 is isostructural with LiFePO4. LiMnPO4
appears tobemore attractiveas cathodematerial thanLiFePO4due
to its higher operating voltage (4.1 V vs. Li/Li+) and similar theo-
retical electrochemical capacity (170 mAh/g) with LiFePO4.
3
However, it suffers from very low intrinsic electrical conductivity
and the large lattice distortions induced by Jahn–Teller effect from
the Mn3+ ions. The electrical conductivity of LiMnPO4 is found to
be much lower than LiFePO4 (1014 S cm1 of LiMnPO4
compared toLiFePO4109 S cm1).156As a result, it has shown to
deliver a very low capacity and poor rate capability.3,5,73,157,158 To
improve the performance of LiMnPO4, various synthetic routes
were applied to produceLiMnPO4materialswith small particle size
and conducting coating layer.5,157,159–162 Recently, Bakenov et al.161
prepared a LiMnPO4/C composite cathodematerial synthesized by
a combination of spray pyrolysis andwet ballmilling. Theobtained
material shows a discharge capacity of 149 mAh/g ( 87% of the
theoretical value) at 0.1 C with good cycling stability. Mn-site
substitution is proposed to enhance its cathode performance;
however, it decreases the availability of the high voltageMn3+/Mn2+
redox couple and, consequently, lowers the capacity at
4.1V.103,163–166Surprisingly, in contrast toother cations substitution
(such as Mg2+, Fe2+, Zr4+, etc.), Ca2+ substitution was found to
negatively affect the electrochemical properties.164
Different from the high thermal stability of LiFePO4 at both
lithiation and delithiation states, the delithiated phase LiyMnPO4
(which contains a small amount of residual lithium) is relatively
unstable and reactive toward a lithium-ion electrolyte.7 Upon
heating, LiyMnPO4 decomposes to form a new phase Mn2P2O7,
and release oxygen. Besides the low thermal stability, the cyclic
stability of LiMnPO4-based materials at high temperature
( 60 C) also needs careful consideration in practical applica-
tion due to Mn dissolution in the electrolyte.
LiMnPO4 also exhibits larger volume change (9.5%) between
two end phase, LiMnPO4 and MnPO4, compared to LiFePO4
(6.8%).163 The cation substitution of Mn was found to reduce this
volume change (such as 7.8% for LiMn0.9Mg0.1PO4) due to
incomplete removal of lithium upon dilithiation. Meethong
et al.167,168 suggested that the misfit at the phase boundary
between Li-rich Li1-xMPO4 and Li-poor LiyMPO4 phase is larger
for Mn phases (ca.10%) than that for iron phases (ca. 6.6%) due
to the Jahn–Teller effect of Mn3+ ions. They concluded that the
larger crystalline misfit strains play an important role in the poor
electrochemical performance of LiMnPO4.
The development of LiMnPO4 for practical cathode applica-
tion still remains a challenge for researchers, though the electrode
performance of LiMnPO4 has been improved significantly in
recent years. Fe-doped LiFexMn1-xPO4 may be a practical choice
for the application.
The high electrode potential of LiCoPO4 and LiNiPO4 (4.8 V
and 5.1 V vs. Li/Li+, respectively) makes them very attractive as3230 | Energy Environ. Sci., 2011, 4, 3223–3242cathode materials for high energy batteries.8,10,11 However, the
studies on the electrochemical performance of LiCoPO4 and
LiNiPO4 are scarcely due to decomposition of the most
commonly used electrolytes at such a high voltage. Two plateaus
were observed for LixCoPO4 during the charge-discharge
process, which are related to two two-phase reactions within
a three phase system (LiCoPO4, the intermediate phase Liz-
CoPO4 and CoPO4).
76,169–171 The intermediate phase, LizCoPO4,
was initially determined as Li0.7CoPO4 and recently modified to
Li0.6CoPO4.
170 LizCoPO4 was formed upon delithiation and then
transformed to CoPO4. The fully delithiated phase, CoPO4, was
found to be unstable at room temperature and to rapidly change
to amorphous. The delithiated Li1-xCoPO4 phases have very low
thermal stability and decompose upon heating in an inert
atmosphere at low temperature (< 200 C).171 The electro-
chemical performance of LiNiPO4 is hard to test due to its high
redox potential, which exceeds the stable limitation of currently
available electrolytes. The practical application of LiCoPO4 and
LiNiPO4 will rely on the development of electrolytes with high
oxidation resistance (such as ionic liquids, etc.).2.4 Silicates
After the successful application of phosphates in lithium ion
batteries, orthosilicates (Li2MSiO4, M ¼ Fe, Mn, Co, Ni) are
obviously another class of polyanion type cathode candidates
with high potential. One of the approaches to increase the
capacity of cathode comes from the development of materials
that could afford more than one electron reversible exchange per
transition metal (TM). Orthosilicates would be an ideal frame-
work to fulfill such an option, as the (SiO4)
4 group would
theoretically allow the 3d metal to change its valence between +2
to +4 resulting in two lithium de-/intercalation per formula unit
(p.f.u.). Due to its remarkable privilege, orthosilicates have
attracted great interest from researchers. Despite intensive
research efforts having been devoted to this area, limited
achievement has been attained on the quest for a reversible two
lithium reaction in Li2MnSiO4 until now.
Although as novel cathode materials Li2MSiO4 attracted
researchers’ attention in 2000,172 the appreciable cathode
performance was first reported by Nytena et al. in 2005.12
Consistent with phosphate, its key limitations have been
extremely low electronic conductivity and slow lithium-ion
diffusion, which is believed to be intrinsic to polyanion
compounds. Similar approaches to improve the conductivity of
LiFePO4 are also used to lithium orthosilicates.
Li2MSiO4 are compounds related to the Li3PO4 structure and
belong to the large family of tetrahedral structure materials
which exhibit rich polymorphism.21 Generally, this structural
type consists of approximately hexagonal close packed anions
with cations in half of the tetrahedral sites, and thus face sharing
between the pairs of tetrahedral sites is avoided.173 As much as
8 different polymorphs are known for these tetrahedral struc-
tures to date, and they exist in two main classes, labeled as b and
g, according to the distribution of cations over the two possible
sets of available tetrahedral sites. For b phases, all the tetrahedra
are aligned in the same direction, perpendicular to the close-
packed planes, and share only corners with each other (Fig. 1c),
whereas for g phases, the tetrahedra are arranged in groups ofThis journal is ª The Royal Society of Chemistry 2011
Fig. 2 Temperature dependence of the inverse molar magnetic suscep-
tibility 1/cm for Li2MSiO4 (M ¼ Fe, Mn, Mn0.5Fe0.5, Co) prepared by
a hydrothermal assisted sol–gel process (adapted from ref. 186.).
Table 3 The Curie–Weiss constants and the effective magneton number
for Li2MSiO4
186
TN (K) qp (K) Cp (emu K mol
1) peff
Li2FeSiO4 20 38.1 3.06 4.97
Li2MnSiO4 12 29.4 4.25 5.85
Li2Mn0.2Fe0.8SiO4 36.8 3.13 5.03
Li2Mn0.5Fe0.5SiO4 39.3 3.32 5.18






























































View Onlinethree with the central tetrahedron pointing in the opposite
direction to the outer two, with which it shares edges (Fig. 1d).
The b and g polymorphs correspond to the low and high
temperature forms for a given compound, respectively. The
transformations between b and g involve a transfer of half the
tetrahedral cations from occupied sites to empty ones.174 Several
variants (named bI, g0, gII, etc.) exist for both b and g, involving
either ordering or distortions of the parent structures. A mixture
of different polymorphism may be obtained during the synthesis
of Li2MSiO4 materials due to the very small differences in
formation energies of Li2MSiO4 polymorphisms. Some poly-
morphisms have been isolated via controlling the temperature
and pressure of the synthesis and post-treatment of the materials,
and the complete crystal structures have been solved.175–181 Table
2 shows the polymorphism structures with cell parameters and
a space group of Li2MSiO4 reported so far.
To study the structure of various Li2MSiO4 polymorphs, XRD
and neutron powder diffraction were used as powerful tools to
investigate the long-term structure, and Li MAS NMR was
found to be a very sensitive tool for studying the local struc-
ture.178,182,183 Studies on the electrochemical properties of three
Li2CoSiO4 polymorphs (bI, bII and g0) indicated that the crystal
structural differences have a minor effect on the lithium extrac-
tion/insertion potentials.21 The influence of the crystal structure
on the electrochemical performance of Li2MnSiO4 was investi-
gated through theoretical calculations.147 The effects of the
crystal structure on the average lithium intercalation voltage for
the two electron process was found to be small, GGA + U
calculated voltages (according to the reaction: Host-Li2MnSiO4
4 Host-MnSiO4 + 2 Li) are 4.18, 4.19, and 4.08 V for Pmnb,
Pmn21 and P21/n, respectively.
The magnetic properties of Li2MSiO4 were studied by means
of magnetic measurements and NMR spectroscopy.14,184–186 The
temperature dependence of the inverse magnetic susceptibility
for Li2FeSiO4 (M ¼ Fe, Mn, Mn0.5Fe0.5, Co) is shown in
Fig. 2.186 All studied lithium orthosilicate compounds exhibit
a Curie–Weiss type dependence on temperature. An antiferro-
magnetic ordering appears at low temperatures due to long range
M-O-Li-O-M interactions. The effective magnetic moments and
the Weiss constants provided by linear fits are comparable to the
theoretical spin-only values (Table 3).
As the Fe3+/Fe4+ redox couple is hard to access, the theoretical
capacity of Li2FeSiO4 is only 166 mAh/g based on the redoxTable 2 Unit cell parameters reported for polymorphs of Li2MSiO4 with M
Space group a/A b





Li2MnSiO4 Pmn21 6.31 5
Pmnb 6.3126 1
P21/n 6.33 1




This journal is ª The Royal Society of Chemistry 2011reaction Li2FeSiO4 / LiFeSiO4 + Li
+ + e. A first testing
revealed that de-/lithiation processes in Li2FeSiO4 are highly
reversible with a reversible capacity around 130 mAh/g cycled at
60 C at a C/16 rate.12 Fig. 3 shows the voltage profile of
Li2FeSiO4 cycled at 60
C. A shift of the potential plateau from
3.10 V to 2.80 V was observed between the first the second cycle,
which is suggested to be related to a structural rearrangement to
a more stable structure by Nyten et al.12,187 Some of the Li ions
(in the 4b site) and Fe ions (in the 2a site) interexchange during
this rearrangement which was suggested by in situ XRD and in
situM€ossbauer spectroscopy inspection.187 Some electrochemical
inactive impurity phases were observed in the as-prepared
Li2MSiO4 materials.
12,16 Similar to LiFePO4, polyanion Li2Mn-
SiO4 materials possess very low intrinsic conductivity ( 5 
1016 S cm1 for Li2MnSiO4 and  6  1014 S cm1 for¼ Fe, Mn, Co
/A c/A b/ Ref.
.32 5.01 90 12
0.659 5.036 175
0.6572 5.0386 89.941 175
.0200 8.2344 99.203 176
.0220 8.2381 99.230 177
.38 4.96 90 17,178
0.7657 5.0118 90 178
0.91 5.07 90.99 178,179
0.685 4.929 90 21
0.6892 4.9287 90 180
0.72 5.03 90 21
0.686 5.018 90.60 181
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Fig. 3 A voltage profile of pristine Li2FeSiO4 cycled at 60
C at a C/16
rate using 1 M LiTFSI in EC:DEC 2 : 1 electrolyte (from ref. 12.).
Fig. 4 (a) Cyclic performance at various charge–discharge rates; (b)
reversible capacities during continuous cycling at various charge–
discharge rates of Li2FeSiO4/C prepared by a hydrothermal-assisted sol–






























































View OnlineLi2FeSiO4 at room temperature).
188 The presence of impurity
phases combined with their extremely low conductivity may be of
the main reasons contributing to the relatively low electro-
chemical activity in the early study (e.g. 130 mAh/g; 78% of the
theoretical value).12 To improve the electrochemical performance
of Li2FeSiO4, various preparation processes to control the
particle size and surface coating techniques to increase the elec-
tric conductivity were performed.14,188–191 A carbon-coated
Li2FeSiO4 material with uniform nanoparticles (approximately
40–80 nm in diameter) was synthesized by a modified sol–gel
synthesis route, i.e., hydrothermal-assisted sol–gel process, with
sucrose added to the synthetic precursor.14 XRD and magnetic
experiments results confirmed the high phase purity of this
material. Compared with the sample prepared by conventional
sol–gel process, this Li2FeSiO4 shows superior electrochemical
performance with both high rate capability and excellent
capacity retention. It delivers a discharge capacity of 160 mAh/g
cycled at C/16 rate at 30 C, corresponding to 96% of the theo-
retical value (Fig. 4). Intriguingly, Zaghib et al.184 didn’t observe
the potential plateau shift on their Li2FeSiO4 sample prepared by
solid state reaction. The cyclic voltammogram results showed
a delithiation voltage of 2.8 V for the first cycle. Although the
authors attribute this to the high purity of their sample, further
studies are required to understand the detailed mechanism for
this phenomenon. According to theoretical calculation results,
extracting the second lithium from Li2FeSiO4 will proceed at 4.8
V, with a large voltage step at the composition LiFeSiO4, due to
the high stability of the closed-shell d5 ion (Fe3+). Thus, it is hard
to extract the remaining lithium from LiFeSiO4, which implies
the rarely encountered electrochemical oxidation of Fe3+ to Fe4+.
Surprisingly, when cycling at 55 C, a capacity of 204 mAh/g with
good cyclability for Li2FeSiO4 was recently obtained by Mur-
aliganth et al.,15 suggesting the feasibility of the reversibly
extracting/inserting part of the second lithium which involved the
Fe3+/4+ couple at high temperatures. By carefully optimizing
synthesis process, Yang’s group found that when cycling at room
temperature, Li2FeSiO4 could also deliver high capacity corre-
sponding to more than one lithium ion reversible extraction
through charging to a high voltage of 4.8 V.192 Furthermore,3232 | Energy Environ. Sci., 2011, 4, 3223–3242a similar result was also confirmed by the in situX-ray absorption
near edge structure (XANES) research on Li2Fe0.5Mn0.5SiO4,
i.e., the Fe3+/4+ redox couple was found to involve in the elec-
trochemical reaction at a high voltage and to contribute to the
observed high capacity.193 Further exploration of the Fe3+/4+
couple would be very interesting, which would largely increase
the capacity of some iron based polyanion cathode materials
(such as Li2FeSiO4, and Li2FePO4F, etc.).
The surface stability of Li2FeSiO4 exposed to air and cycled
with different electrolytes was studied by X-ray photoelectron
spectroscopy (XPS).194 Lithium was found to be withdrawn from
the original structure of Li2FeSiO4 on exposure to air. Compared
with electrodes stored under inert atmosphere, large amounts of
carbonate-based compounds (Li2CO3 or LiHCO3) were
observed on the surface of Li2FeSiO4 electrodes exposed to air.
When cycled with EC/PC electrolyte with LiTFSI salt, high salt
stability and good cycling stability were observed.194 Only small
amounts of solvent reaction products (mainly of Li-carboxylate
type) were observed on the electrode surface, neither carbonates
nor LiF was found. The amount of carboxylic/carboxalate
bonding is strongly enhanced when cycled with the EC/DEC






























































View Onlinea dynamic and even reversible SEI coverage, depending on the
state of charge/potential of the electrode. When cycled with EC/
PC electrolyte with LiPF6 salt, electrolyte-induced formation of
LiF and degradation of the Li2FeSiO4 particle surface by HF
were found.195
At first sight, Li2MnSiO4 would be more attractive compared
with Li2FeSiO4, since the higher oxidation state (+4) of Mn is
more accessible than Fe. This would allow the extraction/inser-
tion of two lithium ions, with the generation of 333 mAh/g
theoretical capacity based on Mn2+/Mn3+/Mn4+ redox
couples.16,17,196 So far, however, high discharge capacity (209
mAh/g, corresponding to 1.25 electrons exchange per formula
unit) was only attained on the first cycle with sever capacity loss
for subsequent cycles.17 Fig. 5 shows the electrochemical
performances of the material. Li2MnSiO4 shows a flat charge
recovery at around 4.2 V and then a slope charge recovery to
4.8 with high charge-discharge polarization. A change in the
shape of the charge-discharge curves was observed on subse-
quent de-/lithiation cycles, accompanied by irreversible capacity
loss. XRD and IR results showed an irreversible change from
crystalline Li2MnSiO4 to an amorphous state during the first
charge process.17,188,197 The large difference between the electro-
chemical performances of Li2MnSiO4 and Li2FeSiO4 is
mainly attributed to the Jahn–Teller distortion associated with
theMn3+, which causes a big change in the lattice parameters and
destroys the crystalline structure of the material. Irreversible
changes in the local environment of Mn ions on oxidation/
reduction cycle of Li2MnSiO4 were revealed by in-situ X-ray
absorption spectroscopy (XAS).18 In order to improve the
cycling stability of Li2MnSiO4 and the discharge capacity of
Li2FeSiO4, partial substitution of Mn-site with Fe has been
performed on Li2FexMn1xSiO4 (0 < x < 1) to improve the
electrochemical performance.89,188,196,198 Li2MnxFe1xSiO4 solid
solutions were formed within a wide compositional range with
0 < x < 1.196 An optimized capacity for Li2MnxFe1-xSiO4 was
achieved at x ¼ 0.5, which shows a capacity of 235 mAh/g. DFT
calculation results also confirmed that Li2MnxFe1-xSiO4
might be more stable under reversible exchange of more than oneFig. 5 Electrochemical performances of Li2MnSiO4/C nanocomposite
material: (A) voltage vs. composition curves at 5 mA g1; (B) cycling
performance between 1.5 and 4.8 V at 5 mA g1; (C) first discharge curves
at different current densities: (h) 5 mA g1; (k) 30 mA g1; (l) 150 mA g1
(from ref. 17.).
This journal is ª The Royal Society of Chemistry 2011Li (p.f.u.) by using an appropriate Mn/Fe mixture.89 Although
the electrochemical activity of Li2MnSiO4 can be improved
throughMn-site substitution, the substitution of Mn-site with Fe
was found to be unable to suppress the problematical distortion
found in the Mn-coordination tetrahedron. Thus, finding an
effective approach to stabilize the structure of Li2MnSiO4 to
sustain more than one Li exchange remains an exciting challenge
for the future.
The electrochemical performance of Li2CoSiO4 was found to
be poor for all the polymorphs synthesized.19,20 Fig. 6 shows
cyclic voltammogram and voltage profiles for a Li2CoSiO4
sample prepared by a hydrothermal reaction, respectively.
Li2CoSiO4 shows an oxidation peak at about 4.3 V and
a reduction peak at 4.1 V with high irreversible capacity loss in
the first cycle. The poor electrochemical result may contribute to
the low conductivity and structure instability of Li2CoSiO4. The
theoretical study suggested an extraction of the second lithium
ion would occur at a higher voltage ( 5.0 V).13 The average
lithium deinsertion voltage for the second lithium lies above the
stability of the most used electrolytes for lithium batteries; henceFig. 6 (a) Cyclic voltammogram for a Li2CoSiO4 sample prepared by
a hydrothermal reaction at 0.2 mV s1 between 3.0 and 4.6V vs. Li/Li+ in
1M LiPF6/EC +DMC (1 : 1); (b) voltage profiles of Li2CoSiO4 sample
prepared by a hydrothermal reaction cycled at a rate of 5 mA g1 (from
ref. 19.).






























































View Onlinea more stable electrolyte (such as ionic liquids, etc.) that can
sustain higher voltages is necessary in order to apply the second
lithium of this compound.
Theoretical calculations were widely used to study the structure
and electrochemical performance of Li2MSiO4 poly-
morphs.13,85–87,89,182,198–200 The calculated lithium deinsertion
voltages for all the studied orthosilicates are close to the experi-
mental values.13 Consistent with experimental results, the
partially delithiated LiFeSiO4 phasewas found to be very stable.
86
Good reversibility upon the de-/intercalation process was pre-
dicted, and the possibility of reversible exchange ofmore than one
electron was found to be hindered by the high stability of the
intermediate phase LiFeSiO4. However, the original host struc-
ture of Li2MnSiO4 was found to collapse upon being delithiated,
with a strong tendency to amorphize.89 The most favorable
intrinsic defect type for Li2MSiO4 was found to be the mixing of
the Li- andM-site occupation.201The exact concentration of Li/M
mixing is correlated with polymorphs of Li2MSiO4 and depends
on temperature, hence is sensitive to synthetic routes and thermal
history. The Li- and Fe-site exchange were also observed in the
process of electrochemical cycling. According to the density
functional theory (DFT) study results, such mixing does not
appear to impede the Li vacancy migration, it even opens alter-
native pathways for effective Li-migration in all three dimensions
by the percolation of corner-sharing tetrahedral sites throughout
the structure.202 Atomistic simulation results suggest that curved
Li diffusion paths and anisotropic nature of the Li transport in
Li2MnSiO4 may be general for the Li2MSiO4 (M ¼ Mn, Fe, Co)
family of compounds.201 The lowest active energies for Li migra-
tion in Li2MSiO4 polymorphs were found to be different. Such
differences in intrinsic Li mobility would influence their electro-
chemical performance, especially the rate capability as recharge-
able electrodes. The substitution of SiO4
4 for VO4
3 polyanions
in Li2FeSiO4 was explored by the density functional theory
(DFT), in order to enhance the electron transfer between the TM-
ions and thereby to achieve a capacity increase from the potential
redox activity of the orthovanadate polyanion.203 Density func-
tional theory (DFT) study results suggest that 12.5% substitution
of VO4
3 into the SiO4
4 site in Li2FeSiO4 results in improved
electronic transport and increased capacity.
As new polyanion-based cathode materials, orthosilicates,
although promising, raise many scientific issues that need to be
explored using combined experimental and theoretical
approaches. However, special attention should be paid to the
oxygen coordination polyhedral environments of
transition metal ions in Li2MSiO4 and delithiated Li2-xMSiO4.
As both Fe2+, Fe3+ and even Fe4+ are found to be stable in
tetrahedral coordination; it is not a surprise that Li2FeSiO4
possesses both high thermal and cycle stability. However, the
poor cycle performance of Li2MnSiO4 and Li2CoSiO4 is perhaps
caused by the instability of Mn4+ or Co4+ in tetrahedral oxygen
coordination, as Mn4+ or Co4+ in tetrahedral coordination is
rarely encountered and Mn3+ ions prefer the octahedral sites to
the tetrahedral sites. An irreversible phase transformation in
Li2MnSiO4 during delithiation can arise by the Mn ions rear-
ranging their oxygen coordination upon oxidation. Thus, it
could be very interesting and highly valuable to explore the
Li2MSiO4 compounds with TM ions in octahedral oxygen
coordination.3234 | Energy Environ. Sci., 2011, 4, 3223–32422.5 Fluorophosphates
Besides increasing the specific capacity of electrodes, increasing
the cathode potential (ca. high operating cell voltage) would be
another way to improve the energy density of today’s lithium ion
batteries. Fluorophosphates combine the inductive effect of the
PO4
3 group and the high electronegativity of the F anion,
which show to be potential high voltage cathode materials.
Barker et al. first reported the lithium ion insertion/extraction
behavior in the fluorophosphate phase, LiVPO4F.
22,204–207 LiV-
PO4F is isostructural with the naturally-occurring mineral
tavorite, LiFePO4$OH,
208 crystallizing with a triclinic structure
(space group P1). LiVPO4F comprises a three-dimensional
framework built up from PO4 tetrahedra and an oxyfluoride
sublattice. Li ions are statistically distributed on two (energeti-
cally inequivalent) crystallographic sites. The potential of de-/
lithiated based on reversibility V3+/V4+ is near 4.2 V vs. Li,
around 0.3 V higher than that for the same transition in the
lithium vanadium phosphate, Li3V2(PO4)3.
22 Electrochemical
measurements reveal the extraction of Li ions from two crystal-
lographic sites within the LiVPO4F framework in the first charge
process, while the subsequent lithium insertion process proceeds
via a two-phase reaction mechanism.206 A capacity of 155 mAh/g
close to the theoretical value (156 mAh/g) was obtained at a slow
cycling rate through optimizing preparative conditions. Long-
term cycling studies show that the total capacity loss is 14%
after 1260 cycles with an initial capacity of 122 mAh/g when
cycled at 0.92 C.24 A preliminary test showed that LiVPO4F also
possesses excellent thermal stability.25
Barker et al. further demonstrated the feasibility of directly
using sodium-based compounds (NaVPO4F) as cathode mate-
rials for lithium ion batteries without prior ion exchange (Na /
Li).23,209 Followed by NaVPO4F, another sodium-based fluo-
rophosphates phase Na3V2(PO4)2F3 was explored as cathode
material by Barker et al.26,210 The theoretical capacity for
Na3V2(PO4)2F3 is 192 mAh/g assuming that all three sodium ions
may be reversibly cycled. From the initial measurements,
a practical capacity of around 120 mAh/g at an average potential
of 4.1 V vs. Li was acquired. The extraction of the third Na+ ion
from Na3V2(PO4)2F3 is found to be accompanied by some
concurrent structural degradation. For an electrochemical test,
metallic lithium or graphite anode and lithium salt electrolyte
were used. Sodium is deintercalated from the positive electrode
upon the initial charge, resulting in a mixed alkali electrolyte
composition. Sodium and lithium are believed to co-intercalate
on discharge. Intriguingly, the presence of Na+ in the electrolyte
showed no negative effects on the long-term performance char-
acteristics of the cell, demonstrating the reversible cyclability of
sodium based cathode materials in lithium ion cells. This devel-
opment opened up a field to the direct use of sodium cathode
materials in lithium ion batteries, especially for these materials
whose lithium based phase can’t be synthesized directly, without
the requirement for ion exchange (Na, K / Li) prior to cell
assemblage.
The structure and electrochemical performance of Li5V
(PO4)2F2 as a 4 V class cathode material were studied by Nazar
and co-workers.28,29 Li5V(PO4)2F2 has a two dimensional layered
monoclinic structure which consists of alternately stacked






























































View Onlinecapacity based on V3+/V4+/V5+ redox couples is 170 mAh/g. Two
plateaus at 4.15 and 4.65 V corresponding to V3+/V4+ and V4+/V5+
redox couples were observed during the first charge process.
However, it was found that only the V3+/V4+ redox couple is
lithium extraction/insertion reversible, the second process at
4.65 V shows poor reversibility.
Besides vanadium, other transition metal fluorophosphate
phases A2MPO4F (A ¼ Li, Na; M ¼ Co, Ni, Fe, Mn)30–34,37,211
were also recently explored as cathode materials. A2MPO4F
crystallize in three different structures due to the subtle effects of
ion size mediated interactions and magnetic interactions.34 The
structures of layered Na2FePO4F and Na2CoPO4F, the
‘‘stacked’’ Li2CoPO4F and Li2NiPO4F, and the 3DNa2MnPO4F
are greatly different (Fig. 7). The transition metal locates in
octahedral sites for all three, however, the connectivity of the
octahedra varies from mixed face-shared and corner-shared in
the layered structure to edge-shared in the ‘‘stacked’’ structure
and corner-shared in the 3D structure. Na2MPO4F (M¼ Co, Ni,
Fe) and their lithium phase were all found to be electrochemically
reversible, however, Na2MnPO4F was found to be electro-
chemically irreversible despite an open pathway for alkali
migration. Whether this is due to the structural distinction of
Na2MnPO4F is not clear at present.
The structure and electrochemical properties of A2FePO4F
(A ¼ Li, Na) were studied in detail by Nazar and Tarascon et al.
recently.31–34 Na2FePO4F crystallizes with an orthorhombic
structure (space group Pbcn). The structural features of Na2Fe-
PO4F that include pairs of face-sharing metal octahedra and
[6 + 1] coordination of the sodium ions were confirmed by singleFig. 7 Crystal structure of Na2FePO4F (layered): (a) view along [010]
and [100]. Ion transport pathways (I, II, and III) are marked. (b) The
crystal structure of Li2CoPO4F (stacked) and (c) the structure of
Na2MnPO4F (3D). The transition metal octahedra are shown in blue,
phosphate tetrahedra in yellow, and alkali ions in green (from ref. 34.).
This journal is ª The Royal Society of Chemistry 2011crystal X-ray diffraction. Na2FePO4F possesses two-dimensional
ion transport paths, which facilitates the ionic conductivity. It
exhibits a staircase voltage profile spanning the single phase
Na1.5FePO4F with lattice parameters intermediate between the
two end members. Differing from LiFePO4, a sloping voltage
profile was observed for Na2FePO4F and indicating a quasi-solid
solution electrochemical behavior. The unit-cell volume change
from Na2FePO4F to an oxidized compound (Na2FePO4F) is
only 4%, and thus a lower-strain de-/intercalation process is
expected. Na2FePO4F shows an average potential of 3.5 V on
cycling which is comparable to that of LiFePO4 (3.55 V). A
reversible capacity of 115 mAh/g (85% of the theoretical
capacity) was obtained on the first cycling and good cycling
stability was observed. LiFePO4F prepared by the solid state
route and ionothermal reaction is isostuctural with the mineral
tavorite with space group P1. A reversible capacity of 145 mAh/g
corresponding to 0.96 Li exchange was obtained with an overall
potential around 3 V cycling between LiFePO4F and Li2FePO4F.
Surprisingly, the oxidation of Fe3+ to Fe4+ via electrochemical
oxidization of LiFePO4F, although limited (Dx z 0.1), was
proved to be feasible.31 The appearance of structural phase
changes for each staircase voltage change was investigated by in
situ XRD and M€ossbauer measurements.
Li2CoPO4F
35 and Li2NiPO4F
37 were proposed as potential
cathode materials with both large capacity and high discharge
voltage. Li2CoPO4F exhibits a higher 5.0 V discharge plateau
with a practical capacity of 120 mAh/g.36According to GGA+U
calculation by Ceder et al., the redox potential of LiNiPO4 is
5.1V versus Li/Li+, we can conclude that the redox potential of
Li2NiPO4F would be above the electrolytic stability window of
most electrolytes. For this reason, the cathode properties
of Li2NiPO4F were not reported until Masatoshi et al.
37 proved
recently that Li2NiPO4F has actually ca. 5.3 V redox potential
versus Li/Li+ using a sebaconitrile-based oxidation resistant
electrolyte. The theoretical capacity of Li2CoPO4F and Li2Ni-
PO4F reached about 310 mAh/g based on two lithium reactions,
which is almost twice as large as that of LiMPO4. Unfortunately,
their true capacity and cyclability are still unknown because of
electrolyte instability. Importantly, it was also found that deli-
thiated Li2CoPO4F exhibited good thermal stability due to the
less amount of Co4+ in charged Li2xCoPO4F.36
When lithium ion batteries were used in PHEV/EV, safety is
a critical consideration, as the risks increase with the energy
stored in batteries. To eliminate the safety problems raised by the
highly reactive lithiated graphite and the formation of solid
electrolyte interface (SEI) layer at the carbon negative electrode,
less reducing materials (such as Li4Ti5O12, Ti2O, etc.) were
proposed as anode material to replace carbon.212–214 However,
this approach seriously decreases the operating voltage of the
resulting batteries and, consequently the energy density of
batteries. Such Li4Ti5O12 k LiFePO4 configuration cell operates
at an average discharge voltage of around 1.8 V.213,214 The
development of high voltage cathode materials may provide an
opportunity to address this shortcoming by combining the high
electrode potential of fluorophosphates and the high safety of
Ti-based anodes. Furthermore, increasing the positive electrode
voltage (5 V or higher) would be a promising approach to
improve the energy density of lithium ion cells. However, the






























































View Onlineinsertion materials was constrained by the relatively narrow
stability window (lower than 5 V) of the current organic elec-
trolytes. If this can be solved via the development of the next
generation of electrolytes with high-voltage stability window, the
batteries of the future would be smaller and lighter (ca. with
higher specific energy density) via the use of high voltage cathode
materials, such as fluorophosphates, etc.
It should be mentioned that the detailed function mechanism
of the introduced F-ions to the properties of fluorophosphates is
not well understood at the present time, although the electro-
chemical properties of some fluorophosphate-type compounds
have been investigated. It is highly desirable that some funda-
mental understanding both experimental and theoretical of the
effects of the introduced F- on the structure feature, electro-
chemical properties (such as redox potential, electronic and ionic
conductivity) of fluorophosphates, and also whether more than
one lithium p.f.u. can be reversibly extracted from fluo-
rophosphate compounds and how to realize it experimentally.Fig. 8 Projections of the LiFeSO4F structure along the [100] (a), [010]
(b) and [101] (c) directions, with the tunnels along those three directions
for possible ion migrations highlighted together with the tunnel distances.
MO4F2 octahedra are represented in blue and green and SO4 tetrahedra
are in purple (from ref. 38.).2.6 Fluorosulphates
LiMSO4F as novel cathode materials were first reported by
Tarascon and co-workers in 2010.38 As showed by Padhi et al.,
the substitution of (PO4)
3 by (SO4)
2 in an isostructural
NASICON LixM3(XO4)3 host can lead to an increase in the
redox potential by 0.8 V due to the inductive effect. Considering
this, lithium metal sulphates would be another group of attrac-
tive cathode materials. However, sulphates encounter the
problem of low negative charge of the (SO4)
2 unit, which
requires the addition of a charged anion for charge balance to
afford reversible electron exchange. Fluoride would be an
available choice, as F is the lightest and most electronegative
singly charge anion and the feasibility of combining fluoride and
phosphates has already been reported. In 2002, Sebastian et al.215
reported that a lithium fluorosulphate phase LiMgSO4F exhibits
significant Li-ion conduction. According to their results the
authors conclude that ‘Li-ion conduction in LiMgSO4F suggests
that isostructural metal analogues LiMSO4F (M ¼ Mn, Fe, Co)
would be important for redox extraction/insertion of lithium
involving MII/MIII oxidation states’. However, the electrode
properties of fluorosulphates had not been investigated, until
Tarascon and co-workers reported recently LiFeSO4F as a novel
3.6 V cathode material with promising electrochemical perfor-
mance.38 Based on the results of their work, this is mainly
attributed to the instability of LiMSO4F (M ¼ Mn, Fe, Co) at
high temperatures (500–900 C) of normal solid state reactions.
The large solubility of the sulphates and instability of LiFeSO4F
in water made aqueous routes also precluded.
Using ionothermal synthesis, Tarascon and co-workers
successfully presented LiFeSO4F with a tavorite-type structure
as an attractive 3.6 V cathode candidate with a theoretical
capacity of 151 mAh/g.38 The crystal structure (Fig. 1e and 1f) of
LiFeSO4F is isotypic with triclinic LiMgSO4F
215 with a space
group P1, which is built from two crystallographically distinct
and slightly distorted FeO4F2 octahedra and SO4 tetrahedra.
Each FeO4F2 octahedron shares two corners (F
 ions) with
adjacent octahedra to form chains running along the c-axis. The
isolated SO4 tetrahedra cross-link three chains via corner sharing
with four different octahedra. Within this framework, Li+ ions3236 | Energy Environ. Sci., 2011, 4, 3223–3242reside in three cavities forming tunnels delimited by the frame-
work along the [100], [010] and [101] directions (Fig. 8). Thermal
gravimetric analysis (TGA) coupled with mass spectrometry
analysis confirm the thermodynamically instability of LiFeSO4F
and the onset of sample decomposition occurring near 350 C.
Good electrochemical performance can be obtained for LiFe-
SO4F without the need for carbon coating and/or resorting
nanoparticles. It delivers a reversible capacity of about 130 to
140 mAh/g centered around 3.6 V vs. Li at C/10 rate with
excellent capacity retention (Fig. 9). 85% of the total electrode
initial capacity can be delivered at 1 C rate suggesting that
LiFeSO4F could sustain reasonable rate capabilities. In situ
XRD measurements indicated a two-phase reaction mechanism
in agreement with the flat charge-discharge profile. Primary
conductivity measurements showed that the electronic conduc-
tivities for LiFeSO4F and LiFePO4 are in the same range of
magnitude, whereas the ionic conductivity of LiFeSO4F is much
higher than that of LiFePO4 (z 4  106 S cm1 for LiFeSO4F
vs. 2  109 S for LiFePO4 at 147 C). The higher ionic
conductivity of LiFeSO4F would improve its packing density via
avoiding the necessitating nanosizing and/or carbon coating.
Considering the highly costly ionic liquids, the authors declared
that ‘the ionic liquids can be easily recovered and recycled’.
However, although ionic liquids can be recovered and further
used for subsequent synthesis, they are inherently expensive. To
account for this, a novel solid-state process was developed
recently by Tarascon and co-works for preparing LiFeSO4F at
the expense of both longer reaction time and slightly contami-
nated samples as compared to the ionothermal process. The
resulting material exhibits an electrochemical performance
comparable with those obtained by an ionothermal process. ThisThis journal is ª The Royal Society of Chemistry 2011
Fig. 9 Electrochemical characterizations of LiFeSO4F powders.
Charge/discharge galvanostatic curves for Li/LiFeSO4F cells cycled
between 2.5 and 4.2 V at C/10 (1 Li in 10 h) (a) and C/2 (1 Li in 2 h) (b),
highlighting the sustained reversible capacity of the electrode and the
near 100% cycling capacity efficiency. Electrodes were made by ball-
milling for 15 min and 30 min LiFeSO4F (85%)/carbon (15%) mixtures
for the cells in a and b, respectively. The capacity retention of such cells
(red for charge and blue for discharge) together with their power rate
(discharge capacity is plotted as a function of the rate n C) are shown as
insets in a and b, respectively. Within such measurements, currents of






























































View Onlinesuggests economic scale-up novel synthesis approaches should be
developed for fluorosulphate cathodes.
Following on from their first work on LiFeSO4F, Tarascon
and co-workers further explored the structure and electro-
chemical properties of other isostructural AMSO4F (A ¼Na, Li;
M ¼ Fe, Co, Ni, Mn)39 phases and (Na1-xLix)(Fe1-xMx)SO4F
(M ¼ Fe, Co, Ni)40 solid-solution phases prepared by both ion-
othermal and solid-state synthesis. The crystal structures of
LiCoSO4F and LiNiSO4F were similar to LiFeSO4F and can be
indexed to a triclinic unit cell with space group P1. Interestingly,
LiMnSO4F was found to crystallize in a monoclinic system,
space group P21/c, and shows the highest thermal stability
without decomposition up to 600 C in air. The thermal stability
of fluorosulphates was positively correlated to the ionic radii of
M cations, falls in the order of LiNiSO4F (350
C) < LiCoSO4F
(375 C) < LiFeSO4F (400 C) < LiMnSO4F (600 C). For Li
(Fe1-xMx)SO4F solid solution phases, only the 3.6 V Fe
2+/3+This journal is ª The Royal Society of Chemistry 2011redox reaction is observed with no signature of Co2+/3+, Ni2+/3+ or
Mn2+/3+ reaction. LiMSO4F (M ¼ Co, Ni, Mn) phases were
found to be electrochemically inactive by cycling up to 5 V, which
implies most likely that the potential of M2+/M3+ redox couples
lies above 5.0 V.
The success development of LiFeSO4F as cathode material
suggests more polyanion compounds can be explored as novel
insertion materials for lithium batteries.2.7 Borates
Although polyanions shows a lot of advantages as cathode
materials for lithium ion batteries, the polyanion groups also
bring some inactive mass into the electrode resulting in relatively
low theoretical capacity of polyanion compounds (such as
170 mAh/g for LiFePO4), which lowers both the specific capacity
and the specific energy. Considering this, the development of
borate compounds as cathode materials would be very attractive,
as the (BO3)
3 unit is the lightest polyanion group. In the early
2000s, researchers started to evaluate the potential of borates as
cathode materials,42 however impressive electrochemical perfor-
mance was only achieved recently by Yamada’s group.41
In 2001, Legagneur et al.42 explored the structure and cathode
performance of LiMBO3 (M ¼ Mn, Fe, Co) synthesized by
a solid state reaction as new cathode materials. The crystal
structures of LiMBO3 were determined from single crystal data.
LiFeBO3 and LiCoBO3 exhibit the same structure (Fig. 1g and
1h). The three-dimensional [FeBO3]n
n framework is built up
from edge sharing FeO5 trigonal bipyramids and BO3 groups,
within the distorted hexagonal closed-packed (hcp) oxygen
subarray. Each FeO5 bipyramid (iron statistically occupies two
trigonal sites) shares two edges with adjacent bipyramids to form
single chains running along the [-101] direction. The planar BO3
groups link three chains via corner sharing. Within this frame-
work, edge-sharing chains of paired face-sharing LiO4 tetraheda
(lithium statistically occupies two tetrahedral sites) align in
parallel chains along the [001] direction. The structure of
h-LiMnBO3 is isotypic with the hexagonal form of LiCdBO3. For
all of the three borates, the results showed very limited electro-
chemical activity, the reversible exchange of lithium was limited
to 0.04 Li per formula unit. However, an important inductive
effect of the BO3 group was demonstrated from the
thermodynamic study performed for LiFeBO3, which showed
the Fe3+/Fe2+ reduction couple lies between 3.1 V/Li and 2.9 V/Li.
Since then, very few works have been reported on this type of
materials for cathode applications, and all showed unimpressive
electrochemical performance, with very small capacity and/or
very large polarization without any visible plateau-like voltage
region, including some conversion-type reduction to Fe metal
occurring at potentials below 2 V.216–218 A major breakthrough
was made by Yamada’s group recently,41 a very carefully
prepared (keeping the samples in an inert atmosphere after
synthesis to avoid poisoning by air exposure) LiFeBO3 material
with good cathode performance was reported. The obtained
material exhibits a larger reversible capacity of ca. 200 mAh/g at
around 3 V versus lithium. After optimization, 80% of the initial
capacity can be retained even at the high rate of 2 C, with
negligible cycle degradation. Both experiments and ab initio






























































View Onlineisostructural end members with a very small volume change (ca.
2%) suitable for a reversible reaction. From ab initio calculation
results, surface poisoning is expected for LiFeBO3, as the
potential for stoichiometric LiFeBO3 was estimated to be lower
than 2.6 V, which is sufficiently low to function as a reducing
agent for moisture. A significant improvement in electrochemical
performance was achieved by avoiding surface poisoning due to
contact with the ambient atmosphere. These indicate that
borates with the lightest polyanion group could be potential
cathode candidates for advanced lithium batteries. However,
surface poisoning due to contact with the ambient atmosphere is
an important factor needing to be investigated and solved before
their application in commercial products can be considered.2.8 Other polyanion compounds
Apart from the above-mentioned polyanion compounds which
are already studied widely, other polyanion compounds such as
LiMXO4, (M is transition metal, X ¼ As, Mo, W, etc.) have also
been explored as cathode materials for lithium ion batteries in
recent years. However, the theoretical capacity of arsenates is
somewhat lower than the widely studied phosphate compounds,
due to the higher molecular weight of the arsenate group. For
molybdates and tungstates, it is hoped to improve the specific
capacity via involving the Mo6+/Mox+ and W6+/Wx+ (x ¼ 4 or 5)
redox couple. However, the Mo6+/Mox+ redox couple was found
to be irreversible in most cases, perhaps due to the instability of
tetrahedrally coordinated Mo5+ or Mo4+ ions.219 Arroyo-de
Dompablo et al.220,221 investigated the electrochemical perfor-
mance of olivine-LiCoAsO4 experimentally and computation-
ally. Both experimental and computational results show
LiCoAsO4 is electrochemically active with an average insertion
voltage of 4.7 V, which is slightly lower (about 0.1 V) than its
phosphate analogues LiCoPO4, due to the slightly less covalent
nature of the AsO4
3 group. The general electrochemical char-
acteristics of LiCoAsO4 and LiCoPO4 are similar. At the first
cycle, about 0.78 Li+ per formula unit (p.f.u) was extracted from
LiCoAsO4 on charge and 0.45 Li
+ p.f.u can be reinserted in
following discharge process. At the same time, Satya Kishore
et al.222 studied the electrochemical performance of olivine-
LiCoAsO4 prepared by a solid state reaction and got similar
results. Began et al. explored the electrochemical properties of
polyanion-type Li2M2(MoO4)3 (M ¼ Ni, Co, Mn) as cathode
materials in lithium ion batteries.219,223–226 Their results showed
that these materials did not demonstrate any useful electro-
chemical properties as cathode materials for lithium ion
batteries, although they possess an open framework NASICON
type structure. All the studied materials showed very poor cycle
stability due to the drastic structural changes accompanied by
exponential capacity decay. After optimization by adding nano-
sized carbon as a conductive additive, Li2Co2(MoO4)3 exhibited
an initial discharge capacity of 121 mAh/g with 55% retention
after 20 cycles between 3.5–2 V.227 For Co2(MoO4)3, more than
2 Li p.f.u. can be inserted, corresponding to the Co3+/Co2+ redox
couple located at 2.6 V, and the irreversible Mo6+/Mo5+ redox
couple located at 2.2 V, respectively.219 Lithium intercalation
into Li3Fe(MoO4)3 was found to occur at 2.4 V with the
formation of Li4Fe(MO4)3.
228,229 Recently, Mikhailova et al.230
investigated both the Li extraction and insertion behavior of3238 | Energy Environ. Sci., 2011, 4, 3223–3242orthorhombic NASICON-Li3V(MoO4)3. Lithium extraction
from Li3V(MoO4)3 occurs at 3.7 V with the formation of Li2V
(MoO4)3 and preserving the space-group symmetry. Also,
reversible Li insertion into Li3V(MoO4)3 occurs at 2.1 V with the
formation of isostructural Li4V(MoO4)3. The oxidation of Li3V
(MoO4)3 was found to be associated with V
3+/V4+ redox couple,
whereas the reversible reduction of Li3V(MoO4)3 is
associated mainly with the Mo6+/Mo5+ redox couple, and partly
with the V3+/V2+ redox couple. Li et al.231,232 studied the elec-
trochemical properties of a tungstate thin film fabricated by
radio-frequency (R.F.) sputtering deposition as the cathode.
Two redox couples, Fe3+/Fe2+ and W6+/Wx+ (x ¼ 4 or 5), were
found to be electrochemical active for LiFe(WO4)2, corre-
sponding to two plateaus at 3 V and 1.5 V regions, respectively.3. Summary and outlook
The rapid development of Li-ion batteries impacts on a strong
requirement for safe and high energy density electrode materials,
especially for cathode materials. Successful application of
LiFePO4 in high-power batteries has stimulated big interest in
the search for a new class of polyanion compounds as the next
generation electrode materials for Li-ion batteries. It is clearly
seen that polyanion compounds do provide a new class of elec-
trode materials with the possibility to design their composition
and structure. The stable framework of the polyanion
compounds provide feasibility for hosting more than one-elec-
tron exchange reaction per formula unit. Therefore, they have an
instinctive high capacity and thermal stability character.
However, we are still in the early stages to develop polyanion
compounds as matured electrode materials for practical
batteries. There is a big opportunity to explore this exciting field
in the future. The challenges may include: How to design and
keep the polyanion framework stable under multiple-electron
exchange process? Is it possible to summarize some general
principles for designing and constructing polyanion electrode
materials? What’s the space limit for developing such kind of
compounds? We believe that a new system (incl. new polyanion
or polyanion-combination framework of phosphate and sulfate,
borates or silicates), a new synthesis method and an electro-
chemical reaction mechanism study of the new materials should
be stressed in the following research activity. Since the intrinsic
low electronic conductivity of polyanion compounds, the devel-
opment of polyanion/graphene composite will be a good way for
the synthesis of high-performance polyanion-based electrode
materials. Future work should be explored and combined by the
contribution from different fields: i.e. inorganic chemists, mate-
rial scientists, electrochemists, etc. As an optimistic view, we
believe that we would find some way to solve those challenging
problems in the near future.Acknowledgements
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